Abstract Efficient S-acylation of thiourea using a variety of acid chlorides is reported. Structurally diverse aryl and alkyl substrates are compatible with this methodology. Confirmation that acylation occurs exclusively on the sulfur atom of thiourea is provided by single-crystal X-ray crystallographic analysis.
1 such as thiazoles 2 and thiouracils. 3 They are also useful in the preparation of sulfonyl chlorides, 4 thiols, 5 sulfides, 6 disulfides 7 and guanidines. 8 The sulfur transfer reagent 3-mercaptopropionitrile is typically accessed from the corresponding isothiourea derivative. 9 More recently, S-and Nsubstituted thioureas have been incorporated into various organocatalysts to facilitate asymmetric induction through hydrogen bonding. 10 Interestingly, isobenzofuran-substituted isothioureas undergo unusual base-mediated thermal rearrangement reactions to form isoindoles 11 while isothiourea-substituted indolones rearrange under similar conditions to form thiazoles. 12 The corresponding benzofuran-2-one analogues likewise rearrange to furnish 1,3-isothiazolidin-4-ones.
13
S-Alkyl and S-aryl thioureas are notable molecules in their own right. They are known to inhibit a number of enzyme systems including nitric oxide synthase (NOS) 14 , monoamine oxidase (MAO) 15 and H3 histamine receptors. 16 Their inhibitory effect on multidrug resistant bacterial strains has also been described. 17 Isothioureas have been found to disrupt biofilm formation in P. aeruginosa.
18 Indolamine 2,3-dioxygenase (IDO), an enzyme that is overexpressed in several disease states including cancer, is inhibited by a range of simple S-alkyl isothioureas. 19 Allylic isothioureas have displayed potent antileukemia activity. 20 While the formation of S-alkyl isothioureas is wellstudied, 1a,1c,5f,20,21 there remains few systematic studies on the synthesis of S-acyl derivatives. It has previously been shown that thiourea reacts quantitatively with acetyl or benzoyl chloride to form the corresponding acylated thiourea adducts. 22 However, it was not clear whether substitution had occurred on the sulfur or nitrogen atoms and these compounds were not characterised by modern techniques.
Herein, we report an efficient method for the selective S-acylation of thiourea, and we confirm that acylation occurs exclusively on the sulfur atom. Our method can be applied to a broad range of substrates, including the non-steroidal anti-inflammatory drugs (NSAIDs) Indomethacin, Aspirin, Diclofenac and Ibuprofen.
In the course of our studies on sulfur transfer reagents, we observed the formation of S-benzoyl isothiourea hydrochloride (2) on addition of benzoyl chloride (1) to a warm solution of thiourea in acetonitrile (Scheme 1).
Scheme 1 Synthesis of S-benzoyl isothiourea hydrochloride (2)
The reaction proceeded rapidly with instantaneous precipitation of the product, which was isolated in quantitative yield without need for further purification. It was subsequently found that treatment of thiourea with a range of aryl-substituted acid chlorides furnished the corresponding 
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S-acyl isothioureas 2-9 quantitatively (Scheme 2). The reaction tolerates aromatic acid chlorides with either electron-donating or electron-withdrawing substituents. This route also provides access to more sterically hindered ortho-substituted products, such as 4. Evidence that acylation had occurred exclusively on the sulfur atom, rather than on either of the nitrogen atoms, was provided by the apparent equivalence of the chemical shift values for the isothiouronium protons in the 1 H NMR spectrum of 2-9. No evidence for the formation of the N-acylated regioisomers was present in the spectra of the crude reaction mixtures. Additionally, recrystallisation of 5 and subsequent single-crystal Xray diffraction confirmed that acylation had indeed occurred at the sulfur atom (see the Supporting Information for details) (Figure 1 ). The equivalent C-N bond lengths in S-acyl isothiourea 5 confirm the delocalization of the cation across the amidine portion of the molecule (Figure 2 ). These bond lengths are similar to those of previously described alkyl isothiourea 10. 23 The S-C-N bond angle is smaller in 5 than in 10, perhaps reflecting the influence of the adjacent carbonyl group. The hydrogen bond network in 5 is constructed through bridging chloride ions via NH···Cl hydrogen bonding. Although the quaternary carbon signal of the isothiouronium group was not always apparent by 13 C NMR analysis, extending the relaxation delay from 1.00 second to 4.00 seconds allowed for the detection of the isothiouronium carbon in 2 (see the Supporting Information). Alkyl-and alkyl-aryl-substituted acid chlorides were subjected to the same conditions, affording 11-18 in quantitative yields (Scheme 3). As part of an ongoing effort in our laboratory to develop novel anti-inflammatory agents, we wondered whether this methodology could also be applied to some common NSAIDs. Diclofenac, Aspirin, Ibuprofen and Indomethacin were converted into their corresponding acid chlorides with oxalyl chloride in the presence of a catalytic amount of N,N-dimethylformamide. 24 Addition of the resultant acid chlorides to a solution of thiourea in acetonitrile furnished NSAID derivatives 19-22, again in quantitative yields, with no apparent difference in reactivity (Scheme 4).
Scheme 2 Preparation of aryl-substituted S-acyl isothioureas 2-9 25
In conclusion, a method for the facile synthesis of S-acyl isothioureas has been described. The reactions proceed quantitatively, and the resulting solids are isolated without the need for further purification. We have shown that acylation occurs exclusively on the sulfur atom through crystallographic analysis. Several common NSAIDs were converted into their S-acyl isothiourea derivatives using this approach. Figure 1 Crystal structure of 5, demonstrating that acylation has occurred at the sulfur atom 
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